introduction
There is increasing interest to construct new sensitive and selective sensoric systems for the determination of various analytes, especially environmental pollutants. Among various sensors, the quartz crystal nanobalance (QCN) has received increasing attention because of its low cost, simple instrumentation and high sensivity. The QCN comprises a thin vibrating AT-cut quartz wafer sandwiched between two metal excitation electrodes. When a small amount of mass is adsorbed at the quartz electrode surface, the frequency of the quartz is changed according to the well-known Sauerbrey equation,
where ΔF is the measured frequency shift, f0 the original oscillation frequency of the dry crystal, Δm the mass change, A the piezoelectrically active area of the excitation electrodes, dq the density of quartz, and μq the shear modulus. By using an appropriate coating on a piezoelectric crystal, a QCN sensor has been developed to interact effectively with trace amounts of specific analysts. Various chemicals, such as conducting polymers, 2 macrocyclics for example crown ethers, 3 immunoassays, 4 metal oxide nanostructures, 5 molecularly imprinted polymers, 6 ionic liquids 7 and polymeric materials [8] [9] [10] have been used to modify quartz crystal electrodes. Among various chemical coatings, polymers offer a number of attractive features: their chemical selectivity can be controlled by the chemical structure, their physical properties can also be controlled by the structure and design of the material, and they can be simply processed into thin films on sensor surfaces.
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A number of polymers have been successfully employed as coating of QCN sensors. [12] [13] [14] Carbosiloxane polymers are a group of polymers widely used in QCN sensors. 15, 16 The methyl-substituted carbosiloxane polymer is a non-polar material that can adsorb aliphatic hydrocarbons. 17, 18 The phenyl-substituted cabosiloxane is a polarized polymer sensitive to aromatic hydrocarbons. 19 Polystyrene and its derivatives are the most widely used polymeric materials as sorbents in sensors and various analytical techniques. [20] [21] [22] This group of polymers has a great analyte adsorption capacity, specially for polar compounds, because of a high number of active aromatic sites that allow π-π interactions. 22 Aldehyde and ketone vapors are the most important air pollutants. They are indoor and outdoor chemical pollutants of particular interest due to their potential impact on human health, and most of them are classified in the first group of hazardous materials (human carcinogens) by the International Agency for Research on Cancer because of their carcinogenicity (IARC, 2004) . [23] [24] [25] Aldehyde and ketone vapors are emitted into the atmosphere from anthropogenic sources, such as cigarette smoking, building materials, hardwood, plywood, laminate floorings, adhesives, paints, industrial solvents and various industries. 23, 24 In addition to direct emissions, it was also observed that these compounds can be generated through indoor ozone chemistry, or may also react with NOX in the atmosphere to form even more toxic photochemical smog and ozone. [26] [27] [28] The aim of this work is to develop a polymer modified QCN sensor for the detection and determination of aldehyde and ketone vapors in the atmosphere. Polystyrene is known to sorb A polystyrene coated quartz crystal nanobalance (QCN) sensor was developed for use in the determination of a number of linear short-chain aliphatic aldehyde and ketone vapors contained in air. The quartz crystal was modified by a thinlayer coating of a commercial grade general purpose polystyrene (GPPS) from Tabriz petrochemical company using a solution casting method. Determination was based on frequency shifts of the modified quartz crystal due to the adsorption of analytes at the surface of modified electrode in exposure to various concentrations of analytes. The frequency shift was found to have a linear relation to the concentration of analytes. Linear calibration curves were obtained for 7 -70 mg l polar compounds. According to our knowledge, there has been no report on the application of polystyrene modified quartz crystals for the determination of aldehyde and ketone vapors in air. In the present work a simple, rapid, and sensitive method has been developed for the determination of a number of aldehyde and ketone vapors in air using a polystyrene modified QCN technique.
experimental

Reagents and materials
Acetone, acetaldehyde, methyl ethyl ketone, dimethyl ketone, propionaldehyde, n-butylaldehyde and chloroform were all purchased from Merck (Germany) and were used without any further purification. General purpose polystyrene (GPPS) of commercial grade was purchased from Tabriz petrochemical company, and was used as a thin film on a quartz crystal electrode.
Instrumentation
10-MHz AT-cut quartz crystals with gold electrodes on both sides were purchased from International Crystal Manufacturer (ICM, Oklahoma, USA). A homemade QCN apparatus was used for frequency measurements, as previously described. 29 The oscillator circuit used was based on that designed by Bruckenstein and Shay. 30 However, some modification of the original design was also carried out to improve the mass sensitivity and stability. 31 
Procedures
All measurements were carried out in a glass cell with an internal volume of 45 ml. A figure and details of the measurement cell were given in our previous report. 8 Hamilton microliter syringes (HAMILTON Bonaduz AG Switzerland) were used for the injection of analyte (as liquid) into the cell, and casting the polymer solution on a gold electrode of quartz crystal (crystal modification).
The concentration of the injected analyte in the measurement cell was calculated to be in mg l -1 using its liquid density, purity percent and injected volume. For example, to make a concentration of 8.7 mg l -1 , 391.5 μg of acetone should be injected into the cell (cell volume of 45 ml). Considering the density and purity percent of acetone (p = 100% w/w and d = 0.79 g ml -1 ), 0.5 μl of acetone was injected into the cell using a Hamilton microliter syringe.
A flow of air with a flow rate of 100 ml s -1 was purged through the cell to desorb the analyte and to recover the electrode. The backshift of the frequency to its initial value was taken as an indication of full desorption of the analyte. All measurements were carried out at room temperature (25 C).
Crystal coating
The quartz crystal electrode was modified by a thin layer of GPPS. A solution casting method was used to cast polymer film on top of the quartz crystal electrode. The gold-coated quartz electrode was coated using 2 μl of a GPPS/chloroform solution with various concentrations (0.1 -1% w/v). Evaporation of chloroform in a clean box at room temperature caused the formation of a thin GPPS coating on top of the gold electrode of the quartz crystal. The thickness of the GPPS film coated on the quartz crystal electrode was different, corresponding to the concentration of the polymer solution. The thickness of the polymer film on the quartz crystal was measured using a micrometer (Teclock Corporation, Model SM-1201, Japan). A typical thickness of ~250 nm of the GPPS film was obtained on the crystal by casting 2 μl of a GPPS/chloroform solution with 0.5% w/v concentration. In order to regenerate the electrode, the polymer coating was dissolved in chloroform and dried by acetone.
results and discussion
Each GPPS-modified quartz crystal electrode was exposed individually to various concentrations of different aldehyde and ketone vapors in air. A typical response for a quartz crystal electrode coated using a 0.5% w/v GPPS/chloroform solution in exposure to 18 mg l -1 of different aldehyde and ketone vapors in air is shown in Fig. 1 . The oscillation frequency of the modified crystal decreased due to the adsorption of acetone vapor at the electrode surface according to the Sauerbrey equation (Eq. (1) ). This response shows that the electrode is sensitive to aldehyde and ketone vapors. The frequency of the crystal back shifted to its initial value by purging air through the cell volume, which indicates complete desorption of the analyte vapors from the modified electrode surface (Fig. 1) .
The polymer (GPPS) thickness may affect the response time and sensitivity of the sensor. To investigate this, the quartz crystal was modified with various thicknesses of GPPS film. The frequency response of the quartz crystal with different thicknesses of GPPS coating was recorded upon exposure to a constant concentration of 20 mg l -1 acetone vapor in air (Fig. 2) . It was found that the frequency shift of the quartz crystal (sensor response) increased by increasing the thickness of the GPPS coating on the crystal, until the level off which occurred at a concentration range higher than 0.5% w/v of the polymer solution used in the crystal modification (Fig. 2) .
The response time of the quartz crystals coated with various thicknesses of the GPPS coating was also recorded upon exposure to 20 mg l -1 of acetone vapor in air (Fig. 3) . The minimum response time was obtained for a crystal coated by a GPPS/chloroform solution with a concentration of 0.1% w/v. Considering the response time and the sensitivity of the GPPS-modified quartz crystal, it was found that a GPPS/chloroform solution with a concentration of 0.5% w/v (with approximately 250 nm coating thickness) gave the optimum thickness of the polymer coating on the crystal.
Linearity of the response
A quartz crystal electrode, modified using a GPPS/chloroform solution with the optimum concentration (approximately 250 nm of coating thickness), was exposed to various concentrations of aldehyde and ketone vapors (in air), ranging from 7 to 70 mg l -1 . Figure 4 shows the frequency changes of the GPPS-modified quartz crystal electrode versus time in exposure to various concentrations of acetone vapor in air. It was found that, as the concentration of acetone increases, the magnitude of the sensor response also increased (Fig. 4) . Similar results were obtained for the other analytes studied. Calibration curves for the tested analytes were constructed by plotting the total frequency shifts of the modified electrode against the concentration of injected analytes (Fig. 5) . The frequency shift of each sample recorded after 15 min of exposure to the modified electrode and the linear calibration curves with the correlation coefficients (R 2 ) in the range between 0.9935 and 0.9989 were obtained for all of the analytes in the concentration range of 7 to 70 mg l -1 .
Reproducibility of the sensor response
To investigate the reproducibility of the sensor response, a GPPS-modified quartz crystal electrode was exposed frequently to acetone vapor in air at a concentration of 17.5 mg l -1 , and the frequency shift was recorded. To regenerate the electrode between each run, air was purged through the cell until complete desorption of analyte was achieved. The experiment was repeated 5 times (Fig. 6) . The relative standard deviation (RSD %) was calculated, and a value of 9.2% was obtained. This indicates that the sensor performed in a reproducible manner. In a similar way, the reproducibility of the sensor response during exposure to other analytes was also measured, and the related RSD % values were obtained ( Table 1) .
Sensitivity of the sensor
In the cause of the sensor performance, the sensitivity is , acetone; , acetaldehyde; +, propionaldehyde; , n-butylaldehyde; , methyl ethyl ketone; , diethyl ketone.
defined as the slope of the calibration graph. 32 The sensitivity of the GPPS-modified quartz crystal electrode with respect to various aldehyde and ketone vapors in air was calculated using the calibration curves of each analyte (Fig. 5) , and the sensitivity factors in the range of 2.07 to 6.74 Hz/mg l -1 were obtained (Table 1) . According to the results, the sensitivity of the GPPS-modified quartz crystal toward the tested aldehyde and ketone vapors almost increased by increasing the polarity and molecular weight of the analytes. Therefore, it seems that there are mixed polar and non-polar interactions between the GPPS and the tested aldehyde and ketone molecules.
Lifetime
Further experiments were carried out to investigate the lifetime of the GPPS-modified quartz crystal sensor. The response of the sensor upon exposure to 17.5 mg l -1 acetone vapor in air was recorded. This experiment was repeated within a period of three months, and the response of the sensor was evaluated (Table 2 ). According to these results, no significant change in the sensor response toward acetone vapor was observed during this period of time.
It should be noted that between measurements, the crystal (cell) was stored in a medium free of moisture and contamination.
Lower limit of detection (LLD)
The true detection limit or lower limit of detection (LLD) is the lowest concentration of analyte that can be detected by the sensor. 32, 33 The LLD for the determination of tested aldehyde and ketone vapors in air using the GPPS-modified quartz crystal sensor were evaluated according to a well-known method, 32, 34 and values in the range of 2.1 to 6.5 mg l -1 for the analytes were obtained (Table 1) .
Conclusion
A sensor was constructed based on a piezoelectric quartz crystal modified with a thin layer of general purpose polystyrene for determining a number of linear short-chain aliphatic aldehyde and ketone vapors in air as air pollutants. The frequency shifts of the modified electrode as the sensor response versus various concentrations of analytes exhibited a satisfactory linear correlation within the concentration range of 7 to 70 mg l -1 . The relative standard deviation of 4.58 to 9% (RSD %) indicates a reproducible performance of the sensor. Results showed that the sensor is sufficiently sensitive to detect analyte vapors with sensitivity factors in the range of 2.07 to 6.74 Hz/mg l -1 . The GPPS-modified quartz crystal electrode could be used for the determination of aldehyde and ketone vapors for more than three months without any loss of sensitivity. Polymer was casted from a 0.5% w/v of a GPPS/chloroform solution. a. Square correlation coefficient. b. Lower limit of detection. Polymer was casted from a 0.5% w/v of GPPS/chloroform solution.
